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Rat Uterine Oxytocin Receptor and Estrogen Receptor α and β mRNA 
Levels are Regulated by Estrogen Through Multiple Estrogen Receptors
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Abstract. 	Estrogen	action	is	mediated	through	several	types	of	receptors	(ERs),	such	as	ERα,	ERβ	and	putative	membrane	
ERs.	Oxytocin	receptor	(OTR)	and	ER	expression	levels	in	the	rat	uterus	are	regulated	by	estrogen;	however,	which	types	of	
ERs	are	involved	has	not	been	elucidated.	This	study	examined	OTR,	ERα	and	ERβ	levels	in	ovariectomized	rats	treated	with	
17β-estradiol	(E2),	an	ERα	agonist	(PPT),	an	ERβ	agonist	(DPN)	or	estren	(Es).	E2	and	PPT	increased	OTR	mRNA	levels	
and	decreased	ERα	and	ERβ	mRNA	levels	3	and	6	h	posttreatment.	DPN	decreased	ERα	and	ERβ	mRNA	levels	at	3	and	6	h,	
while	OTR	mRNA	levels	increased	at	3	h	and	decreased	at	6	h.	OTR	mRNA	levels	increased	3	h	after	the	Es	treatment	and	
then	declined	until	6	h.	ERα	and	ERβ	mRNA	levels	decreased	by	3	h	and	remained	low	until	6	h	posttreatment	with	Es.	The	
ER	antagonist	ICI182,780	(ICI)	suppressed	the	increases	in	OTR	mRNA	levels	induced	3	h	after	the	Es	treatment.	However,	
ICI	and	tamoxifen	(Tam)	had	no	significant	effect	on	ERα	and	ERβ	mRNA	levels	in	the	Es-treated	or	vehicle-treated	group.	In	
intact	rats,	proestrus-associated	increases	in	OTR	mRNA	levels	were	antagonized	by	both	ICI	and	Tam.	However,	decreases	
in	ERα	and	ERβ	mRNA	levels	were	not	antagonized	by	Tam	and	ICI,	respectively.	Therefore,	uterine	OTR	gene	expression	is	
upregulated	by	estrogen	through	the	classical	nuclear	(or	non-nuclear)	ERs,	ERα	and	ERβ,	while	the	levels	of	these	ERs	are	
downregulated	by	estrogen	through	multiple	pathways	including	Es-sensitive	nonclassical	ERs.
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Oxytocin	was	initially	isolated	as	a	neurohypophysial	hormone	that	
stimulates contraction of the myometrium and myoepithelium 

to facilitate parturition and milk ejection, respectively. It has also 
been	shown	to	play	a	role	in	various	reproductive	functions	in	the	
mammary	gland,	ovary,	brain	and	uterus.	In	the	uterus,	the	near-term	
myometrium is extremely sensitive to oxytocin. This increased 
uterine	responsiveness	to	oxytocin	was	shown	to	occur	in	parallel	
with	an	increase	in	the	number	of	uterine	oxytocin	binding	sites	in	
rats	[1,	2],	humans	[3],	rabbits	[4,	5]	and	cows	[6].	Corresponding	
increases	in	uterine	oxytocin	receptor	(OTR)	mRNA	expression	in	
late	pregnancy	and	parturition	have	also	been	reported	in	cows	[7],	
rats	[8–10],	humans	[11]	and	sheep	[12,	13].
Estrogen	stimulates	an	increase	in	both	the	number	of	uterine	

oxytocin	binding	sites	[1,	14,	15]	and	OTR	mRNA	expression	in	
ovariectomized	(OVX)	virgin	rats	[8,	9].	However,	an	injection	of	
estrogen	did	not	stimulate	OTR	mRNA	expression	in	late	pregnant	
rats	or	in	progesterone-primed	OVX	virgin	rats	and	was	only	ef-
fective	following	ovariectomy	and	the	removal	of	progesterone,	
respectively	[16].	These	results	suggest	that,	in	addition	to	increases	
in	serum	estrogen	levels	in	near-term	rats,	the	regulation	of	uterine	
responsiveness to estrogen is an important part of the mechanism 
of action of estrogen in the uterus.

The actions of estrogen are mediated through several types 
of	receptors,	 including	two	transcription-regulating	 intracellular	

estrogen	receptors	(ERs),	ERα	and	ERβ,	which	have	been	cloned	
and	characterized	 from	 the	human	uterus	 [17]	and	 rat	prostate	
[18],	respectively.	ERα	and	ERβ	were	shown	to	be	encoded	by	the	
ESR1 and ESR2	genes,	respectively,	and	are	widely	distributed	in	
various	tissues	[19],	including	the	endometrium	and	myometrium	
in	several	animal	species	[20,	21].	 In	addition	 to	 these	classical	
nuclear	receptors,	some	actions	of	estrogen	have	been	reported	to	
be	mediated	through	putative	membrane	receptors	[22],	including	
G-protein-coupled	receptor	30	(GPR30)	[23,	24]	and	ERα	localized	
at	 the	membrane	 [25–27].	However,	 although	several	 actions	
of	specific	ER	 types	have	been	observed,	 the	ERs	 involved	 in	
regulating expression of OTR and ER genes in the uterus have 
not	yet	been	identified.
The	synthetic	compound	4-estren-3α,	17β-diol	(estren,	Es)	has	been	

reported	to	increase	bone	mass	and	strength	in	ovariectomized	mice	
without	affecting	transcriptional	activity	or	reproductive	organ	function	
[28,	29],	which	suggested	that	Es	functions	through	membrane	ERs.	
Es	has	recently	been	used	as	a	nonclassical	ER	analogue	[30,	31].	
On	the	other	hand,	Es	was	shown	to	affect	transcriptional	activities	
in	several	cell	types	including	murine	uterine	cells	[32–34].	Thus,	
the effect of Es on uterine function is controversial. Therefore, it is 
important	to	confirm	whether	Es	has	any	effect	on	uterine	function,	
including the regulation of OTR. If Es affects OTR expression, it may 
be	a	good	analogue	to	further	characterize	ER	pathways	involved	
in	the	dynamics	of	OTR	gene	regulation,	including	membrane	ERs,	
in the uterus.

To identify the ERs involved in regulating OTR gene expression 
by	estrogen,	the	effects	of	17β-estradiol	(E2),	an	ERα	agonist	(PPT),	
an	ERβ	agonist	(DPN)	and	Es	were	examined	in	OVX	rats	in	the	
present	study.	The	effects	of	the	ER	antagonists,	ICI182,780	(ICI)	
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and	tamoxifen	(Tam),	on	uterine	OTR	and	ER	mRNA	levels	were	
also	examined	to	further	characterize	the	types	of	ERs	involved	in	
regulating the actions of estrogen. The effects of these antagonists 
were	investigated	in	both	Es-treated	OVX	rats	and	intact	rats	during	
the	proestrus	phase	of	the	estrous	cycle,	in	which	OTR	mRNA	levels	
have	been	shown	to	increase	and	ERα	and	β	mRNA	levels	have	been	
shown	to	decrease	[35].

Materials and Methods

Animals
Adult	female	Wistar	rats	(body	weight	180–220	g)	were	obtained	

from	Japan	SLC	(SLC,	Hamamatsu,	Japan),	or	from	the	Institute	for	
Animal	Reproduction	(IAR,	Kasumigaura,	Japan).	They	were	kept	
in	an	environmentally	controlled	room	(temperature	23	±	3	C;	lights	
on	0800–2000	h)	with	free	access	to	tap	water	and	pelleted	rat	food	
(NMF;	Oriental	Yeast,	Tokyo,	Japan).	Virgin	Wistar	rats	(SLC)	were	
ovariectomized	under	ether	anesthesia	2	weeks	before	the	steroid	
treatment.	Virgin	Wistar-Imamichi	rats	(IAR)	were	monitored	during	
the	estrous	cycle	by	taking	vaginal	smears	each	morning	(0900–1000	
h).	Those	 that	showed	regular	4-day	cycles	were	used.	The	rats	
were	euthanized,	and	the	uteri	were	collected,	frozen	and	stored	at	
–70	C	until	RNA	extraction.	Animal	care,	maintenance	and	surgery	
were	approved	by	the	Animal	Care	and	Use	Committee	and	were	
conducted	according	to	the	Guidelines	for	Animal	Experiments	at	
University	of	Fukui.

Exp. 1. Effects of 17β-estradiol on OTR, ERα and ERβ mRNA 
levels in the uteri of OVX rats.
Ovariectomized	(OVX)	rats	(SLC)	were	given	a	subcutaneous	

injection	of	17β-estradiol	(E2,	0.5,	2.5	or	12.5	μg,	Nacalai	Tesque,	
Kyoto,	Japan)	dissolved	in	0.2	ml	of	sesame	oil	at	1100–1120	h	and	
were	euthanized	at	1100–1200	h	the	next	day.	OVX	rats	also	were	
given	a	subcutaneous	injection	of	E2	(12.5	μg)	and	euthanized	1,	
2,	3,	4,	5,	6,	7,	8	or	9	h	after	the	injection.

Exp. 2. Effects of the ERα or ERβ agonist on OTR, ERα and 
ERβ mRNA levels in the uteri of OVX rats
OVX	rats	were	given	a	subcutaneous	injection	of	the	ERα-selective	

ligand	4,4’,4’’-(4-propyl-[1H]-pyrazole-1,3,5-triyl)	trisphenol	(PPT,	
200	μg,	Tocris	Biosciences,	Ellisville,	MS,	USA)	or	the	ERβ	selective	
ligand	2,3-bis	(4-hydroxyphenyl)-propionitrile	(DPN,	200	μg,	Tocris	
Biosciences),	both	of	which	were	dissolved	in	0.25	ml	of	sesame	
oil	and	administered	at	1100–1120	h.	Rats	were	euthanized	3	h	or	
6	h	after	the	treatment.

Exp. 3. Effects of estren (Es) on OTR, ERα and ERβ mRNA 
levels in the uteri of OVX rats
OVX	rats	were	given	a	subcutaneous	injection	of	Es	(800	μg,	

Tocris	Biosciences)	dissolved	in	0.2	ml	of	sesame	oil	at	1100–1120	h	
and	were	euthanized	1,	3	and	6	h	after	injection.	The	ER	antagonists	
ICI	(250	μg,	Tocris	Biosciences)	and	Tam	(250	μg,	Sigma,	St	Louis,	
MO,	USA)	were	dissolved	in	0.25	ml	of	sesame	oil	and	injected	
30	min	prior	to	the	Es	injection	(800	μg).	Rats	were	euthanized	3	h	
after	the	Es	treatment.	To	exclude	the	possibility	that	the	effect	of	Es	
was	mediated	through	androgen	receptors,	testosterone	(T,	500	μg,	

Wako,	Osaka,	Japan)	or	dihydrotestosterone	(DHT,	500	μg,	Wako)	
dissolved	in	0.5	ml	of	sesame	oil	were	also	injected	into	OVX	rats,	
which	were	euthanized	3	h	after	the	treatment.

Exp. 4. Effects of ER antagonists on OTR, ERα and ERβ 
mRNA levels in the uterus during the estrous cycle
The	ER	antagonists	ICI	(250	μg)	or	TAM	(250	μg),	dissolved	in	

0.25	ml	of	sesame	oil,	were	subcutaneously	injected	during	diestrus	
(1100–1130	h)	into	rats	(IAR),	and	rats	were	euthanized	the	next	
day	(proestrus)	(1030–1200	h).

Complementary DNA synthesis
Complementary	DNA	 (cDNA)	 synthesis	was	performed	 as	

described	previously	[9].	Briefly,	uterine	tissue	(50–100	mg)	was	
homogenized	in	TRIzol	reagent	(Invitrogen,	Carlsbad,	CA,	USA).	
Total	RNA	samples	were	prepared	according	to	the	acid	guanidinium	
thiocyanate-phenol-chloroform	extraction	method	and	treated	with	
RNase-free	DNase	I	(Invitrogen)	to	exclude	genomic	DNA.	The	
quantity	of	total	RNA	was	assessed	using	a	spectrophotometer	at	
a	wavelength	of	260	nm.	Total	RNA	samples	(1	μg)	were	reverse	
transcribed	using	200	U	of	SuperScript	 II	 reverse	 transcriptase	
(Invitrogen)	and	10	pmol	of	a	9-mer	random	primer.

Real-time PCR analysis
Real-time	PCR	was	performed	using	SYBR	Green	master	mix	

and	an	ABI	PRISM	7000	sequence	detector	(Applied	Biosystems,	
Foster	City,	CA,	USA).	Previously	described	 reaction	proto-
cols	and	primers	 (OTR,	5’-CGATTGCTGGGCGGTCTT-3’	and	
5’-CCGCCGCTGCCGTCTTGA-3’	[9];	ERα,	5’-TGACCAACC	
TGGCAGACAGG-3’	and	5’-GCCTTTGTTACTCATGTGCC-3’	
[36] ; 	 ERβ, 	 5’ -AG	 AGAGACACTGAAGAGGAAG-3’	
a n d 	 5 ’ -GCCAGGAGCATGTCAAAGATT- 3 ’	 [ 3 7 ] ;	
β - a c t i n , 	 5 ’ -GTCACCCACACTGTGCCCATCT- 3 ’ ,	
5’-ACAGAGTACTTGCGCTCAGGAG-3’	 [38])	were	used	 for	
each	PCR	assay	 [33].	OTR,	ERα	and	ERβ	mRNA	levels	were	
standardized	by	dividing	by	the	value	for	β-actin	in	the	same	sample.

Statistical analysis
Data	were	expressed	as	relative	amounts	(%)	by	dividing	the	value	

of	each	sample	by	the	mean	value	for	the	corresponding	control	
group.	Data	were	expressed	as	the	means	±	SEM	and	were	evaluated	
statistically	using	Tukey’s	or	Dunnett’s	multiple	comparison	test.

Results

Exp. 1. Effects of 17β-estradiol on OTR, ERα and ERβ mRNA 
levels in the uteri of steroid-treated OVX virgin rats
A	single	injection	of	E2	(12.5	μg)	significantly	increased	OTR	

mRNA	levels	24	h	after	treatment,	but	the	injection	of	E2	(0.5	and	
2.5	μg)	did	not	(Fig.	1A).	There	was	no	significant	change	in	ERα	
mRNA	levels	24	h	after	E2	injection	at	the	three	doses	tested	(Fig.	
1A).	However,	the	three	E2	doses	decreased	ERβ	mRNA	levels	24	
h	after	injection	(Fig.	1A).	The	injection	of	E2	(12.5	μg)	increased	
OTR	mRNA	levels	starting	1	h	after	injection,	and	these	levels	were	
sustained	until	6	h	postinjection,	followed	by	additional	increases	
at	7	h	and	9	h	(Fig.	1B).	However,	ERα	and	ERβ	mRNA	levels	
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decreased	within	2	h	and	were	sustained	at	lower	levels	than	those	
at	0	h	until	9	h	postinjection	(Fig.	1B).

Exp. 2. Effects of PPT or DPN on OTR, ERα and ERβ mRNA 
levels in the uteri of OVX rats
Because	OTR	and	ER	mRNA	levels	changed	within	2	h	after	

the	E2	injection,	their	expression	levels	were	examined	3	h	and	6	h	
after	treatments	in	later	experiments.	OTR	mRNA	levels	were	higher	
and	ERα	and	ERβ	mRNA	levels	were	lower	3	h	(Fig.	2A)	and	6	h	
(Fig.	2B)	after	the	PPT	(an	ERα	agonist)	treatment	than	those	of	the	
corresponding	vehicle-treated	control	group.	Treatment	with	DPN	(an	
ERβ	agonist)	also	decreased	ERα	and	ERβ	mRNA	levels	at	3	h	(Fig.	
2A)	and	6	h	(Fig.	2B).	However,	OTR	mRNA	levels	only	increased	
3	h	after	 the	DPN	treatment	(Fig.	2A)	and	decreased	at	6	h	to	a	
level	that	was	similar	to	that	observed	in	control	animals	(Fig.	2B).

Exp. 3. Effects of Es on OTR, ERα and ERβ mRNA levels in 
the uteri of OVX rats
OTR	mRNA	levels	increased	1	h	after	the	Es	treatment,	reached	

a	peak	at	3	h	and	decreased	until	6	h	(Fig.	3).	Meanwhile,	ERα	and	
ERβ	mRNA	levels	showed	a	sustained	decrease	for	6	h,	which	began	

1	h	and	3	h	following	the	Es	injection	in	the	case	of	ERα	and	ERβ,	
respectively	(Fig.	3).	The	effects	of	the	ER	antagonists,	ICI	and	Tam,	
on	Es-induced	changes	in	OTR,	ERα	and	ERβ	mRNA	levels	were	
then	examined.	Es	significantly	 increased	the	OTR	mRNA	level	
and	decreased	ERα	and	ERβ	mRNA	levels	at	3	h.	ICI	significantly	
suppressed	the	Es-mediated	increase	in	the	OTR	mRNA	level.	On	
the	other	hand,	the	Es-induced	decrease	in	ERα	and	ERβ	mRNA	
levels	was	not	affected	by	ICI.	The	basal	expression	levels	of	OTR	
and	ER	mRNA	in	the	uterus	were	not	influenced	by	ICI	(Fig.	4A). 
In another set of experiments, the effects of Tam on the receptor 
mRNA	levels	were	examined	(Fig.	4B).	The	effects	of	Es	on	OTR	
(increase)	and	ER	mRNA	levels	(decrease)	were	confirmed,	although	
the	decrease	in	ERs	was	not	statistically	significant	partly	due	to	the	
limited	number	of	animals	used.	In	the	presence	of	Tam,	Es	showed	
no	stimulatory	effect	on	OTR	expression,	while	ER	expression	was	
slightly	decreased	by	Es.	Treatment	with	Tam	alone	also	tended	to	
downregulate	the	ER	mRNA	expression,	and	the	combination	of	Es	
and	Tam	significantly	decreased	ER	mRNA	levels	when	compared	
to	the	vehicle-treated	control.
Because	Es	has	affinity	for	androgen	receptors	[28,	39],	the	effect	

of	an	androgen	was	examined.	Treatment	with	T	(500	μg)	and	DHT	
(500	μg)	did	not	cause	significant	changes	in	OTR,	ERα	or	ERβ	
mRNA	levels.	The	OTR	mRNA	levels	in	vehicle-treated,	T-treated	
and	DHT-treated	rats	were	100	±	7.4,	102.6	±	10.1	and	100.4	±	16.7,	

Fig. 1.	 Effects	of	17β-estradiol	(E2)	on	OTR,	ERα	and	ERβ	mRNA	levels	
in	the	uteri	of	OVX	rats.	Rats	were	given	a	subcutaneous	injection	
of	17β-estradiol	 (0.5,	2.5	or	12.5	μg)	or	vehicle	 (cont)	 (A)	and	
17β-estradiol	(12.5	μg)	(B)	at	1100–1120	h	and	were	euthanized	
24	h	(A)	and	1,	2,	3,	4,	5,	6,	7,	8	and	9	h	(B)	after	the	injection.	
Uteri	were	extracted,	and	the	gene	expression	levels	of	OTR,	ERα	
and	ERβ	were	determined	by	real-time	PCR.	Data	are	expressed	
as	means	±	SEM	(n=5).	The	value	in	the	vehicle-treated	control	
group	was	defined	as	100%.	a,	vs.	vehicle-treated	group	(cont);	b,	
vs.	group	treated	with	0.5	μg	E2;	c,	vs.	groups	at	0	h,	7	h	and	9	h;	
d, vs.	groups	at	0–6	h	and	8	h;	e,	vs.	groups	at	0	h	and	1	h;	P	<	0.05,	
by	Tukey’s	test.

Fig. 2.	 Effects	of	PPT	and	DPN	on	OTR,	ERα,	and	ERβ	mRNA	levels	in	
the	uteri	of	OVX	rats.	Rats	were	given	a	subcutaneous	injection	
of	 PPT	 (200	 μg)	 or	 DPN	 (200	 μg)	 at	 1100–1200	 h	 and	 were	
euthanized	 3	 h	 (A)	 and	 6	 h	 (B)	 after	 the	 injection.	Uteri	were	
extracted,	and	the	gene	expression	levels	of	OTR,	ERα	and	ERβ	
were	determined	by	real-time	PCR.	Data	are	expressed	as	means	
±	SEM	(n=5).	The	value	in	the	vehicle-treated	control	group	was	
defined	as	100%.	*	vs.	vehicle-treated	group	(cont);	P	<	0.05,	by	
Dunnett’s	test.
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respectively;	the	ERα	mRNA	levels	were	100	±	7.6,	95.5	±	3.9	and	
91.7	±	4.4,	respectively;	and	the	ERβ	mRNA	levels	were	100	±	12.9,	
85.4	±	2.9	and	84.6	±	4.9,	respectively	(n=4).

Exp. 4. Effects of ER antagonists on OTR, ERα and ERβ 
mRNA levels in the uterus during the estrous cycle
OTR	mRNA	levels	were	higher	in	proestrus	during	the	estrous	

cycle	than	in	metestrus,	and	this	upregulation	was	suppressed	by	
treatment	with	either	ICI	or	Tam	(Fig.	5).	Although	decreases	in	both	
ERα	and	ERβ	mRNA	levels	were	observed	during	proestrus,	only	the	
former	decrease	was	blocked	by	the	ICI	treatment,	but	not	by	Tam	
(Fig.	5).	In	contrast,	Tam	prevented	decreases	in	ERβ	mRNA	levels	
during	proestrus,	whereas	ICI	did	not	increase	ERβ	mRNA	levels	to	
significantly	higher	than	those	of	vehicle-treated	controls	(Fig.	5).

Discussion

This	study	showed	that	although	estrogen	had	a	predictable	effect	
on	OTR,	ERα	and	ERβ	mRNA	levels	within	2	h	of	the	treatments	
examined,	 it	had	a	differential	pattern	of	effects	24	h	 later.	For	
example,	OTR	mRNA	levels	increased	24	h	after	treatment	with	E2,	
while	those	of	ERβ	decreased	and	those	of	ERα	were	unchanged.	
These	results	suggest	that	E2	continues	to	affect	the	regulation	of	
OTR	and	ERβ	but	not	that	of	ERα	24	h	after	its	initial	administration	
and	indicate	that	recovery	from	the	E2-mediated	downregulation	
of	ERα	mRNA	levels	was	faster	 than	that	from	the	E2-mediated	
downregulation	of	ERβ.	Microarray	analysis	of	gene	expression	
in	the	uteri	of	OVX	mice	[40]	and	immature	rats	[41]	previously	
revealed	clusters	of	genes	that	were	both	positively	and	negatively	
regulated	by	estrogen	within	2	h	of	treatment.	Estrogen	was	also	
shown	to	induce	changes	in	the	expression	of	at	least	3867	genes	
in	 rat	uteri,	and	approximately	3.0%	(116–124	genes)	of	 these	
were	changed	within	2	h	of	the	estrogen	treatment	[41].	Our	study	
identified	three	genes,	OTR,	ERα	and	ERβ,	as	additional	members	
of	 the	genes	that	were	induced	by	estrogen	in	the	early	phase	in	
the	uterus.	Furthermore,	Hewitt	et al.	described	distinct	clusters	of	
genes	regulated	by	estrogen	in	the	early	or	late	phases	in	the	mouse	

Fig. 3.	 Effects	of	estren	(Es)	on	ERα	and	ERβ	mRNA	levels	in	the	uteri	
of	OVX	rats.	Rats	were	given	a	subcutaneous	injection	of	Es	(800	
μg)	at	1100–1120	h	and	were	euthanized	1,	3	and	6	h	after	the	
injection.	Uteri	were	extracted,	and	the	gene	expression	levels	of	
OTR,	ERα	and	ERβ	were	determined	by	real-time	PCR.	Data	are	
expressed	as	means	±	SEM	(n=5).	The	value	in	the	group	at	0	h	
was	defined	as	100%.	*	vs.	group	at	0	h;	a,	vs.	group	at	1	h;	b,	vs. 
group	at	3	h;	P	<	0.05,	by	Tukey’s	test.

Fig. 4.	 Effects	of	ER	antagonists	on	Es-induced	changes	 in	OTR,	ERα	
and	ERβ	mRNA	levels	in	the	uteri	of	OVX	rats.	Rats	were	given	
a	 subcutaneous	 injection	 of	 ICI	 (250	 μg)	 (A)	 or	Tam	 (250	 μg)	
(B)	30	min	prior	to	an	injection	of	Es	(800	μg).	Es	was	injected	
at	1100–1120	h,	and	rats	were	euthanized	3	h	after	the	injection.	
Uteri	were	extracted,	and	the	gene	expression	levels	of	OTR,	ERα	
and	ERβ	were	determined	by	real-time	PCR.	Data	are	expressed	
as	means	±	SEM	(n=4).	The	value	in	the	vehicle-treated	control	
group	was	 defined	 as	 100%.	 a,	 vs.	 vehicle-	 and	 vehicle-treated	
group;	b,	vs.	vehicle-	and	ICI-treated	group;	c,	vehicle-	and	Es-
treated	group;	P	<	0.05,	by	Tukey’s	test.
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uterus,	as	well	as	clusters	of	genes	regulated	at	both	times	[40].	
According	to	this	categorization,	the	findings	of	our	study	shown	in	
Fig.	1	suggest	that	OTR	and	ERβ	genes	belong	to	a	group	of	genes	
induced/suppressed	in	both	phases,	whereas	the	ERα	gene	belongs	
to	a	group	of	genes	influenced	in	the	early	phase	only.
In	Fig.	2,	the	involvement	of	ERα	and	ERβ	in	the	regulation	of	

OTR,	ERα	and	ERβ	mRNA	levels	was	examined	using	ER	agonists.	
PPT	is	known	to	have	a	410-fold	greater	binding	affinity	for	ERα	
than	ERβ	[42],	while	DPN	has	a	70-fold	greater	binding	affinity	for	
ERβ	than	ERα	[43].	In	this	study,	both	PPT	and	DPN	decreased	ERα	
and	ERβ	mRNA	levels	3	h	and	6	h	after	the	treatments	examined,	
an	effect	that	was	similar	to	that	achieved	with	the	E2	treatment.	
These	results	suggest	that	the	E2-induced	downregulation	of	ERα	and	
ERβ	may	be	mediated	through	both	ERα	and	ERβ	receptors,	which	
could	account	for	its	effect,	at	 least	within	6	h	of	administration.	
The	PPT	treatment	increased	OTR	mRNA	levels	at	both	3	h	and	6	
h,	whereas	DPN	only	transiently	increased	these	levels	at	3	h,	which	
returned	to	levels	that	were	similar	to	those	in	the	controls	at	6	h.	
This	suggests	that	different	pathways	are	involved	in	the	regulation	

of	OTR	through	ERα	and	ERβ.
Another	finding	of	the	present	study	was	that	the	Es	treatment	

decreased	ERα	and	ERβ	mRNA	levels	3	h	and	6	h	after	treatment	
(Fig.	3,	lower	panels),	which	was	similar	to	the	changes	observed	
after	the	E2	treatment.	However,	the	effect	of	Es	on	OTR	mRNA	
levels	differed	from	that	of	E2.	For	example,	while	the	Es	treatment	
increased	OTR	mRNA	expression	at	3	h,	its	influence	waned	6	h	
after	administration,	as	evidenced	by	similar	OTR	mRNA	levels	in	
the	control	and	6	h	postinjection	groups	(Fig.	3,	upper	panel).	This	
response	of	OTR	mRNA	levels	 to	 the	Es	 treatment	was	similar	
to	that	observed	with	DPN	in	Fig.	2,	provided	that	changes	were	
determined	within	3	h	and	6	h	after	the	treatment.	Therefore,	it	is	
conceivable	that	Es	may	exert	a	functional	influence	on	pathways	
involving	ERβ	mediation;	verification	of	 this	proposition	awaits	
further	investigation.	Nevertheless,	it	should	be	noted	that	short-term	
transient	cellular	transactions	(lasting	less	than	6	h)	may	be	involved	
in	induction	of	the	OTR	gene	by	estrogen	and	is	mediated	at	least	
in	part	through	ERβ.
Previous	studies	have	shown	that	 treatment	with	Es	 induced	

transcriptional	activity	in	human	embryonic	kidney	293	cells	ex-
pressing	ERα	and	ERβ	[32]	and	changed	gene	expression	in	mouse	
uteri	[33,	34].	These	effects	of	Es	were	abolished	in	ERα/ERβ	[32]	
or	ERα	[34]	knockout	mice.	Additionally,	Es	 induced	ERK1/2	
and	Akt	phosphorylation	in	transduced	HeLa	cells	expressing	the	
ligand-binding	domain	of	ERα	localized	to	the	cell	membrane	[33].	
Thus,	the	target	ER	for	Es	may	be	ERα	or	ERβ	localized	close	to	
the	membrane.	For	example,	using	ICI	to	specifically	bind	ERα	and	
ERβ	also	blocked	the	E2-mediated	activation	of	both	ERα	and	ERβ	
in	ERα-	or	ERβ-transfected	COS1	cells,	respectively	[44].	Since	the	
action	of	Es	through	ERα	or	ERβ	was	blocked	by	ICI	[32],	the	effect	
of	Es	on	OTR	expression	observed	in	Figs.	3	and	4	was	considered	
to	be	mediated	by	ERα	or	ERβ	and	more	plausibly	by	ERβ	for	the	
reason	mentioned	above,	although	whether	it	belongs	to	a	classical	
nuclear	or	non-nuclear	type	could	not	be	confirmed	in	this	study.	
On	the	other	hand,	Es-induced	changes	in	ERα	and	ERβ	were	not	
antagonized	by	ICI.	Thus,	the	action	of	Es	on	the	expression	of	ERα	
and	ERβ	does	not	appear	to	involve	ERα	or	ERβ.	This	raises	the	
possibility	that	membrane	ERs	may	be	responsible	for	the	observed	
effects	of	Es.	One	membrane	ER,	GPR30,	is	a	potential	candidate	
for	the	downstream	mediation	of	an	Es-induced	mechanism	of	ER	
action.	It	should	be	noted	that	both	Tam	and	ICI	are	strong	agonists	
of	GPR30.	For	example,	ICI	increased	cAMP	in	GPR30-transfected	
HEK293	cells	[45]	and	increased	intracellular	calcium	oscillations	
in	cultured	primate	neurons	that	responded	to	the	GPR30	agonist	
[46],	while	Tam	activated	PI3K	activities	and	c-fos	 induction	in	
GPR30-transfected	COS7	[24]	and	HeLa	cells	[47],	respectively.	
Based	on	the	findings	that	ICI	and	Tam	did	not	have	any	significant	
effect	on	ERα	and	ERβ	expressions	in	vehicle-treated	groups,	the	
involvement	of	GPR30	in	this	Es-sensitive	ER	action	in	ERα	and	
ERβ	regulations	appears	to	be	weak.	Concerning	another	type	of	
membrane	ER,	ICI	affected	neither	basal	nor	BSA-conjugated	E2-
stimulated	PKC	activity	in	cultured	chondrocytes	from	female	rats	
[48],	which	indicated	the	presence	of	one	or	more	ICI-unresponsive	
membrane	ERs	different	from	GPR30.	These	nonclassical	membrane	
ERs	may	be	involved	in	the	action	of	Es	on	ERα	and	ERβ	expres-
sion in the rat uterus. Therefore, taken together, uterine OTR gene 

Fig. 5.	 Effects	of	ER	antagonists	on	OTR,	ERα	and	ERβ	mRNA	levels	
in	the	uterus	of	rats	in	proestrus.	Rats	were	given	a	subcutaneous	
injection	 of	 ICI	 (250	 μg)	 or	 Tam	 (250	 μg)	 during	 diestrus	
(1100–1130	h)	and	were	euthanized	at	1030–1200	h	the	next	day	
(proestrus).	Uteri	were	extracted,	and	the	gene	expression	levels	
of	OTR,	ERα	and	ERβ	were	determined	by	real-time	PCR.	Data	
are	expressed	as	means	±	SEM	(n=4).	The	value	of	intact	rats	at	
metestrus	(Met)	was	defined	as	100%.	*	vs.	 the	vehicle-treated	
control	group;	P	<	0.05,	by	Dunnett’s	test.
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expression	is	upregulated	by	estrogen	through	the	classical	nuclear	
(or	non-nuclear)	ERs,	ERα	and	ERβ,	while	the	levels	of	these	ERs	
are	downregulated	by	estrogen	through	multiple	pathways	including	
Es-sensitive	nonclassical	ERs.
Although	Es	has	been	shown	to	bind	to	androgen	receptors	[28,	

39],	the	possibility	that	Es	induced	the	changes	in	OTR,	ERα	and	
ERβ	mRNA	levels	observed	in	the	present	study	through	androgen	
receptors	 is	remote	because	testosterone	alone	did	not	cause	any	
significant	changes	in	the	expression	levels	of	those	genes.
OTR	and	ER	mRNA	levels	are	known	 to	undergo	dynamic	

changes	during	 the	estrous	cycle.	Significant	 increases	 in	OTR	
mRNA	levels	and	decreases	in	ER	mRNA	levels	have	been	reported	
in	the	proestrus	phase	in	the	rat	uterus	[35].	In	the	present	study,	
these	changes	were	shown	to	be	induced	by	estrogen	because	they	
could	be	abolished	by	ER	antagonism.	However,	while	changes	in	
OTR	mRNA	levels	were	abolished	by	an	injection	with	either	ICI	or	
Tam,	changes	in	ERα	and	ERβ	mRNA	expression	were	not	abolished	
by	Tam	and	ICI,	respectively.	These	results	suggest	that	classical	
ERs,	which	are	antagonized	by	both	ICI	and	Tam,	are	involved	in	
the	regulation	of	OTR	and	that	the	regulation	of	ERα	and	ERβ	may	
involve	nonclassical	types	of	ERs.	However,	because	the	effects	of	
estrogen	may	have	occurred	in	combination	with	multiple	types	of	
ERs expressed in all kinds of target tissues in vivo, the involvement 
of	complex	mechanisms	cannot	be	excluded.	Furthermore,	other	
factors,	such	as	progesterone,	which	affects	the	gene	expression	of	
OTR	and	ERα	[16,	49],	may	need	to	be	considered	for	studies	on	
the physiological state, such as during the estrous cycle, pregnancy 
and	labor.
We	previously	reported	changes	in	ERα	mRNA	levels	concomitant	

with	those	of	OTR	around	parturition,	which	suggested	that	ERα	is	
an important ER for OTR regulation during parturition. The present 
study	demonstrated	that	the	ERα	agonist	mimicked	the	long-lasting	
E2	effect	on	OTR	mRNA	levels,	which	supported	the	proposal	that	
ERα	is	a	key	ER	for	OTR	regulation.	On	the	other	hand,	changes	
in	OTR	mRNA	levels	within	3	h	of	 the	estrogen	treatment	were	
regulated	by	a	complicated	mechanism	involving	ERβ,	in	addition	to	
ERα.	Regarding	Es-responsive	receptors,	the	present	study	showed	
that	 two	 types	of	Es-responsive	 receptors	exist	based	on	 their	
sensitivity to ER antagonists. One type consists of one or more ICI/
Tam-sensitive	classical	ERs	that	mediate	OTR	expression,	and	the	
other	type	consists	of	one	or	more	ICI/Tam-unresponsive	ERs	that	
mediate	the	downregulation	of	ERα	and	ERβ	expression.	Therefore,	
controversial reports concerning the transcriptional activity of Es 
in	the	uterus	[28,	29,	32–34]	may	be	explained	by	the	existence	of	
these	multiple	ERs.	Although	further	studies	are	needed	to	prove	
this hypothesis, the early phase of estrogen action is a potentially 
good experimental model for investigating multiple types of ERs as 
well	as	physiological	phenomena,	such	as	changes	associated	with	
the estrous cycle and the initiation and progression of parturition.
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